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PREFACE 

The  SENIOR  ShWOOPIN  Test  Management  Project  (TMP)  was  conducted  by  the  USAF  Test 
Pilot  School  as  part  of  a  joint  United  States  Air  Force  and  National  Aeronautics  and  Space 
Administration  study  into  the  theory  of  extending  aircraft  endurance  using  Dynamic  Soaring 
maneuvers  in  horizontal  wind  shears.  SENIOR  ShWOOPIN  used  a  heavily  modified  L-23  Super 
Blanik  to  investigate  this  phenomenon. 

The  SENIOR  ShWOOPIN  test  team  would  like  to  extend  sincere  thanks  to  Mr.  James  Murray 
and  Mr.  Russ  Franz,  NASA  DFRC,  for  their  invaluable  assistance  with  aircraft  instrumentation, 
data  collection,  and  analysis.  Additionally,  the  team  would  like  to  thank  Capt.  E.  T.  Waddell  for 
his  assistance  with  design  of  experiments.  Without  their  help,  this  project  could  not  have 
happened. 
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EXECUTIVE  SUMMARY 

This  test  report  presents  the  results  of  the  SENIOR  ShWOOPIN  project.  The  goal  of  this 
Dynamic  Soaring  investigation  was  to  prove  or  disprove  the  viability  of  increasing  a  full  size 
sailplane’s  total  energy  by  extracting  energy  from  horizontal  wind  gradients.  Dynamic  Soaring 
has  been  used  by  seabirds  like  the  albatross  to  fly  hundreds  of  kilometers  by  extracting  energy 
from  horizontal  wind  shears  across  the  ocean.  Radio  controlled  gliders  have  also  used  this 
technique  to  achieve  sustained  speeds  of  over  200  miles  per  hour.  Dynamic  Soaring,  however, 
has  never  before  been  studied  for  use  on  full  size  sailplanes.  The  specific  objectives  of  this  test 
were  to  compare  the  energy  gained  or  lost  during  the  “hairpin”  and  "anti-hairpin"  maneuvers 
both  in  a  wind  shear  and  with  no  wind  shear  (baseline  energy  loss  case),  determine  if  full  size 
sailplanes  could  extract  energy  from  horizontal  wind  shears,  evaluate  the  L-23  Super  Blanik 
sailplane  MATLAB®  model  for  Dynamic  Soaring  developed  at  the  Air  Force  Institute  of 
Technology  (AFIT),  and  to  qualitatively  evaluate  the  utility  of  Dynamic  Soaring  as  a  practical 
maneuver  for  large  sailplanes. 

The  SENIOR  ShWOOPIN  Test  Management  Project  (TMP)  was  conducted  in  cooperation  with 
the  National  Aeronautics  and  Space  Administration  Dryden  Flight  Research  Center  (NASA 
DFRC)  and  the  United  States  Air  Force  Test  Pilot  School  (USAF  TPS)  as  an  investigation  into 
the  viability  of  manned  sailplane  and  UAV  endurance  enhancement  through  the  extraction  of 
energy  from  atmospheric  wind  gradients.  One  hundred  thirty-eight  sorties  in  the  L-23  (88  test 
sorties  and  50  training/avionics  validation  flights)  were  performed  between  15  March  and  3  May 
2006  under  Job  Order  Number  (JON)  M06C0100.  The  SENIOR  ShWOOPIN  test  team 
consisted  of  three  test  pilots,  one  flight  test  navigator,  and  two  flight  test  engineers.  Additional 
personnel  supported  the  flight  tests  by  serving  as  tow  pilots  and  glider  instructor  pilots.  Testing 
occurred  at  the  North  Base  facilities  of  Edwards  Air  Force  Base. 

Two  Dynamic  Soaring  maneuvers  were  derived  from  MATLAB®  optimal  path  analysis  and  the 
observed  flight  trajectory  of  the  albatross  seabird  in  wind  shear  flight.  The  first  maneuver  was 
known  as  the  hairpin  and  was  designed  to  extract  the  most  amount  of  energy  from  wind  shears. 
The  second  maneuver  was  known  as  the  anti-hairpin  and  was  designed  to  prove  the  theory  of 
Dynamic  Soaring  by  illustrating  the  increase  in  energy  loss  when  Dynamic  Soaring  was  flown 
exactly  opposite  of  the  hairpin  maneuver.  Data  obtained  from  these  flight  test  maneuvers 
included  specific  energy  height  and  sailplane  flight  states  (accelerations,  attitudes,  velocities, 
etc). 

The  flight  test  data  indicated  that  the  L-23  did  extract  energy  from  the  wind  shear.  Additionally, 
the  results  agreed  with  Dynamic  Soaring  theory,  in  that,  a  Dynamic  Soaring  maneuver  executed 
into  a  headwind  loses  the  least  amount  of  energy,  while  a  maneuver  executed  with  a  tailwind 
loses  the  most  energy.  However,  the  amount  of  energy  extraction  was  small  and  did  not  provide 
sufficient  energy  to  sustain  flight.  Conduct  Dynamic  Soaring  tests  in  the  stronger  wind  shears 
generated  by  orthographic  features. 
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Introduction 

Background 

Dynamic  Soaring  is  a  soaring  technique  that  extracts  energy  from  shear  in  horizontal  winds. 
Seabirds,  like  the  albatross,  have  demonstrated  the  viability  of  Dynamic  Soaring  by  staying  aloft 
for  hundreds  of  kilometers  by  adding  energy  to  their  flight  without  flapping  their  wings.  Radio 
controlled  gliders  have  also  used  Dynamic  Soaring  techniques  to  achieve  sustained  speeds  of 
over  200  miles  per  hour.  However,  energy  states  during  Dynamic  Soaring  maneuvers  have  never 
before  been  quantified  with  respect  to  full  size  gliders.  This  test  quantified  the  energy  state  of 
the  glider  throughout  the  execution  of  Dynamic  Soaring  maneuvers.  Comparisons  were  made 
between  the  Dynamic  Soaring  maneuver,  called  the  “hairpin”,  and  the  anti-Dynamic  Soaring 
maneuver,  called  the  “anti-hairpin”,  to  determine  the  magnitude  of  energy  state  changes. 

Previous  United  States  Air  Force  Test  Pilot  School  (TPS)  test  management  projects  (TMP) 
documented  the  performance  and  stability  derivatives  of  the  L-23  sailplane  in  preparation  for  this 
project.  In  2004,  the  SENIOR  IDS  project  team  collected  flight  test  data  to  determine  the  lift  and 
drag  polars  of  the  L-23.  The  HAVE  BLADDER  project  team  determined  the  sailplane’s  stability 
derivatives  and  moments  of  inertia  in  2005. 

The  Shear  Wind  Observed  Optimized  Path  Investigation  for  NASA  (SENIOR  ShWOOPIN),  a 
team  of  USAF  TPS  students,  conducted  testing  using  the  same  L-23  sailplane.  The  test  team 
examined  the  feasibility  of  extracting  energy  from  horizontal  wind  shears  in  cooperation  with 
NASA  Dryden  Flight  Research  Center  (DFRC).  Test  results  were  also  used  for  evaluation  of  an 
Air  Force  Institute  of  Technology  (AFIT)  thesis  model.  All  testing  was  accomplished  under  the 
M06C0100  JON  (job  order  number). 

Program  Chronology 

One  hundred  thirty-eight  sorties  in  the  L-23  (88  test  sorties  and  50  training/avionics  validation 
flights)  were  performed  between  15  March  and  3  May  2006.  A  total  of  27  hours  of  flight  test 
were  accomplished. 

Test  Item  Description 

The  L-23  was  designed  and  manufactured  by  LET  Aeronautics  Works  in  the  Czech  Republic  and 
was  marketed  in  the  United  States  by  Blanik  America,  Wenatchee,  WA.  The  two-place,  tandem 
cockpit  L-23  was  owned  by  the  USAF  TPS  and  made  of  an  all  metal  structure.  The  rudder, 
elevator,  and  ailerons  were  fabric  covered.  The  T-tail  was  fitted  with  a  conventional  elevator 
and  pitch  trim  tab  for  pitch  control.  The  main  landing  gear  on  the  test  aircraft  was  pinned  down 
and  the  cockpit  gear  handle  had  been  removed.  The  L-23  glide  ratio  was  24:1  at  approximately 
48  KIAS  with  the  speedbrake  retracted  and  the  landing  gear  extended.  The  conventional  three 
axis  flight  control  system  was  non-powered  and  fully  reversible.  Both  cockpits  were  equipped 
with  a  center  mounted  control  stick  and  rudder  pedals  that  actuated  control  surfaces  with  a 
combination  of  control  push  rods  and  cables.  The  speedbrakes  were  controlled  by  levers  from 
either  cockpit.  The  never  exceed  airspeed  was  133  KIAS.  Load  factor  limits  were  -2.5  to  +5.3  g 
at  full  gross  weight  (1124  pounds  with  two  occupants). 
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The  aircraft  was  modified  with  a  data  acquisition  system  (DAS)  consisting  of  a  five-hole  Pitot- 
static  probe,  an  inertial  measurement  unit  (IMU),  two  tablet  PCs  displaying  real  time  attitude, 
load  factor,  flight  altitude,  and  specific  energy  height  (Es)  information,  a  digital  readout  of 
energy  height  from  the  total  energy  variometer  probe  (rear  cockpit),  and  a  digital  cockpit  camera. 
For  background  theory  regarding  the  total  energy  variometer  reference  Appendix  E:  Total 
Energy  Probe  Theory. 


Figure  2:  Front  (left)  and  Rear  (right)  Cockpit  Displays  Panels 


The  total  weight  of  modification  equipment  was  22  pounds  allowing  for  a  maximum  combined 
weight  of  396  pounds  for  crewmembers.  The  DAS  was  completely  independent  of  the 
production  Pitot-static  system.  The  boom  mounted  five-hole  Pitot-static  probe  had  a 
hemispherical  tip,  and  measured  total  and  differential  pressure,  provided  airspeed,  altitude,  angle 
of  attack  (AOA),  and  angle  of  sideslip  (AOS)  signals.  The  digital  camera  was  mounted  behind 
the  pilot  station  to  record  over  the  shoulder  video.  The  software  on  the  tablet  PC  also  provided 
the  capability  to  playback  recorded  data  post  flight.  The  IMU  was  installed  in  the  baggage 
compartment  behind  the  rear  cockpit.  The  unit  was  a  battery-powered  GS-1 1  lm  produced  by 

2 


SENIOR  ShWOOPIN 
10-Jun-2006 


Edwards  Air  Force  Base 
Air  Force  Flight  Test  Center 


Athena  Technologies,  Inc,  Warrenton,  VA.  It  incorporated  the  sensor  suite  necessary  to  provide 
a  full  attitude,  navigation,  and  air  data  solution  for  use  in  vehicle  flight-state  measurement. 

The  GS-1 1  lm  was  equipped  with  accelerometers,  angular  rate  sensors,  and  magnetometers  in  all 
three  axes,  an  internal  GPS  receiver,  and  air  data  sensors.  A  real-time,  multi-state  Kalman  filter 
was  used  to  integrate  the  different  sensors.  The  aircraft  also  had  a  VHF  radio  to  communicate 
with  other  aircraft  and  ground  stations.  Refer  to  Appendix  A:  Instrumentation  and  Displays  for 
more  detailed  information.  The  performance  of  the  L-23  under  test  was  considered  production 
representative. 

Test  Objectives 

The  overall  test  objectives  for  this  project  were  four- fold  and  are  listed  below. 

1 .  Compare  the  energy  gained  or  lost  during  the  hairpin  and  anti-hairpin  maneuvers,  both  in 
a  wind  shear  and  without  wind  shear  (baseline  energy  loss  case). 

2.  Determine  if  full  size  sailplanes  can  extract  energy  from  horizontal  wind  shears. 

3.  Evaluate  the  L-23  sailplane  MATLAB®  model  for  Dynamic  Soaring  developed  at  the  Air 
Force  Institute  of  Technology  (AFIT). 

4.  Qualitatively  evaluate  the  utility  of  Dynamic  Soaring  as  a  practical  maneuver  for  large 
sailplanes. 

Limitations 

None. 


3 


SENIOR  ShWOOPIN 
1 0-Jun-2006 


Edwards  Air  Force  Base 
Air  Force  Flight  Test  Center 


This  page  intentionally  left  blank. 


4 


SENIOR  ShWOOPIN 
10-Jun-2006 


Edwards  Air  Force  Base 
Air  Force  Flight  Test  Center 


Test  and  Evaluation 
General 

The  unique  nature  of  this  project  necessitated  the  development  of  specific  flight  test  techniques, 
data  collection  methods,  and  mission-specific  avionics.  These  techniques,  methods,  and  avionics 
were  all  first  tested  on  the  NASA  DFRC  glider  simulator.  Using  the  L-23  sailplane  aerodynamic 
drag  polar  data  developed  by  a  previous  USAF  TPS  Test  Management  Project  (reference  1)  in 
2004  and  the  L-23  sailplane  stability  derivatives  and  moments  of  inertia  calculated  by  another 
USAF  Test  Management  Project  (reference  2)  in  2005,  the  SENIOR  ShWOOPIN  test  team 
began  it’s  investigation  of  Dynamic  Soaring  by  developing  an  L-23  Dynamic  Soaring  flight 
simulator. 


Figure  3:  NASA  DFRC  Glider  Simulator 


Using  this  flight  simulator,  the  test  team  was  able  to  practice  the  Dynamic  Soaring  flight  test 
techniques  in  various  wind  shears,  refine  crew  coordination  procedures,  verify  and  validate  in- 
house  developed  Dynamic  Soaring  flight  displays  and  avionics,  and  collect  data  to  be  used  for  a 
comparison  analysis  between  flight  and  simulation.  Following  simulator  ground  testing,  the 
tablet  PC  displays  were  installed  into  the  sailplane  on  13  March  2006  and  the  avionics  validation 
flights  were  completed  by  26  March  2006. 

The  test  team  crew  solo  checkout  consisted  of  a  total  of  seven  flights  per  individual  and  covered 
standard  sailplane  operations,  sailplane  flying  and  handling  qualities  familiarization,  emergency 
procedures.  Dynamic  Soaring  practice,  and  North  Base/North  Rogers  Dry  Lake  area  orientation 
flights.  In  total,  50  training/avionics  validation  sorties  were  flown  between  1 5  March  2006  and  7 
April  2006. 

The  test  window  began  on  10  April  2006  and  continued  through  3  May  2006.  A  total  of  135  test 
points  were  flown  at  the  North  Base  facilities  of  Edwards  AFB  for  a  total  of  27  hours  of  flight 
test. 
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Test  Procedures 

Dynamic  Soaring  Flight  Test  Technique  (DS  FTT) 

The  Dynamic  Soaring  flight  test  technique  (DS  FTT)  developed  for  this  project  was  selected  to 
optimize  energy  extraction  from  horizontal  wind  shear  while  at  the  same  time  ensuring 
repeatability,  and  simplifying  data  analysis.  The  energy  states  at  the  beginning  and  end  of  the 
maneuver  could  be  directly  compared  because  no  axis  transformations  had  to  be  accomplished. 
Three  airspeeds  were  used  to  enter  the  maneuver;  85,  95,  105  KIAS.  These  airspeeds  were 
chosen  based  off  of  an  L-23  MATLAB®  model  developed  for  this  research  project.  The  DS  FTT 
was  initiated  from  wings  level  flight  at  the  target  entry  airspeed,  perpendicular  to  the  wind,  and 
at  the  bottom  of  the  wind  shear  gradient.  The  pilot  smoothly  rolled  and  pulled  to  execute  a  45  to 
90  degree  heading  change  simultaneous  with  a  15  to  25  degree  pitch  up.  For  an  entry  airspeed  of 
85  KIAS  the  pitch  up  was  15-20  degrees,  and  for  a  95  or  105  KIAS  entry  the  pitch  up  was  20-25 
degrees.  As  airspeed  decreased  in  the  climb  the  pilot  reversed  the  turn  and  rolled  the  aircraft  to 
approximately  50  degrees  of  bank  across  the  apex  of  the  maneuver.  At  the  apex  of  the  maneuver 
the  nose  was  near  the  horizon  and  the  glider  was  back  on  the  maneuver  entry  heading.  Minimum 
airspeed  over  the  top  was  40  KIAS,  and  the  apex  altitude  was  200-400  feet  above  the  entry 
altitude.  As  the  glider  was  turned  back  towards  the  original  ground  track  the  nose  was  allowed 
to  drop  to  15  to  25  degrees  nose  low  (amount  of  nose  low  attitude  matched  the  amount  of  nose 
high  attitude  on  the  first  leg  of  the  maneuver).  As  the  glider  descended  the  pilot  again  reversed 
the  roll  and  pulled  to  fly  back  to  the  initial  heading  and  altitude.  The  maneuver  ended  with  the 
glider  on  the  entry  heading  and  altitude  with  the  wings  level.  Figure  4  shows  a  3-dimensional 
plot  of  the  ground  and  altitude  track  of  a  representative  DS  FTT  maneuver.  A  hairpin  maneuver 
was  defined  by  flying  the  DS  FTT  with  a  climb  into  a  headwind  and  a  descent  with  a  tailwind. 

An  anti-hairpin  maneuver  was  defined  by  flying  the  DS  FTT  with  a  climb  into  a  tailwind  and  a 
descent  with  a  headwind. 


Figure  4:  Dynamic  Soaring  Maneuver 


6 


SENIOR  ShWOOPIN 
10-Jun-2006 


Edwards  Air  Force  Base 
Air  Force  Flight  Test  Center 


During  each  maneuver,  the  rear  cockpit  crewmember  provided  maneuver  clearance  based  on 
data  band  and  tolerances  established  in  the  test  plan,  recorded  total  energy  height  directly  from 
the  total  energy  gauge  at  entry,  apex,  and  exit  of  the  maneuver,  and  provided  altitude  pacing  calls 
to  ensure  maneuvers  ended  at  the  altitude  where  the  maneuvers  started.  Additionally,  the  FTE/N 
monitored  the  energy  state  of  the  glider  to  ensure  the  total  energy  did  not  drop  below  the 
minimum  allowed  maneuver  energy. 

Test  Execution 

Each  test  period  started  with  an  initial  crew  briefing,  lakebed  inspection,  weather  balloon  launch, 
operations  setup,  and  instrumentation  check.  Forecast  soundings  were  briefed  to  the  crews  to 
give  a  general  idea  as  to  where  the  strongest  wind  shear  layer  was  predicted.  Wind  shear  data 
were  collected  periodically  with  weather  balloons.  Sonic  Detection  and  Ranging  (SODAR) 
equipment  was  used  to  monitor  thermal  activity.  The  weather  balloon  sent  raw  data  including 
wind  direction,  wind  speed,  geopotential  altitude,  and  temperature  to  a  mobile  ground  station. 
Two  weather  technicians  downloaded  this  data  and  processed  it  to  provide  plots  of  pressure 
altitude  against  wind  direction  and  speed.  The  air  temperature  was  required  to  determine  if  an 
inversion  was  present — typically  a  good  indication  of  a  shear  layer.  Weather  information  was 
updated  at  least  every  60  minutes,  or  more  frequently  based  on  observed  changes  in  atmospheric 
conditions. 

Target  altitudes,  highlighting  the  appropriate  shear  conditions,  were  briefed  to  the  crew 
immediately  prior  to  launch,  or  radioed  to  a  crew  already  on  tow.  To  ensure  rapid 
communication  of  the  appropriate  initial  conditions  for  each  DS  FTT  maneuver,  a  standardized 
format  for  transmitting  the  initial  conditions  were  developed  and  reported  in  the  form  of  a  “4- 
Line”  brief.  The  4-Line  consisted  of  1)  initial  run  in  heading,  2)  altitude  targeted,  3)  airspeed 
required,  and  4)  the  wind  direction. 

While  the  weather  information  was  being  collected,  the  mobile  operations  center  (see  Figure  1) 
was  driven  out  to  the  lakebed  and  the  glider  and  towplane  were  prepared  for  launch.  During  the 
glider  rollout,  the  IMU,  instrumentation  suite,  and  the  avionics  suite  were  powered  on  and 
aligned.  Normal  alignment  took  approximately  10  minutes.  Ground  power  from  the  mobile 
operations  center  was  connected  to  the  glider  to  extend  battery  life  of  the  avionics  displays. 
Edwards  tower  was  notified  that  North  Base  glider  operations  were  commencing,  activating  the 
applicable  range  operations  area  (see  Figure  5). 
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Figure  5:  Glider  Operating  Area  at  North  Base 

A  modified  glider  aircrew  checklist  was  run  by  each  crew  flying  the  L-23  prior  to  each  tow.  The 
checklist  included  the  standard  glider  checklist,  selection  of  “red”  or  “green”  lakebed  conditions 
on  the  tablet  PC  to  provide  the  correct  minimum  energy  height  display,  and  synchronization  of 
AGL  energy  height  on  front  and  rear  cockpit  tablet  PC  displays  (see  items  7  and  10  in  Figure  A- 
1 :  Tablet  PC  Display).  When  these  checks  were  complete,  the  glider  aircrew  signaled  for  launch, 
and  the  glider  was  subsequently  towed  to  an  altitude  approximately  1 ,000  feet  above  the  first 
target  altitude.  This  provided  time  for  the  aircrew  to  initiate  a  dive  to  stabilize  at  the  target 
airspeed,  and,  at  crew  discretion,  practice  the  DS  FTT  prior  to  execution. 

After  each  required  test  point  was  accomplished,  the  glider  was  recovered  to  the  lakebed,  and  the 
crew  was  either  re-launched,  or  the  crew  was  switched  out.  Qualitative  comments  were  captured 
immediately  upon  landing  to  provide  insight  into  what  indications  were  present  upon  shear 
boundary  entry  and  techniques  to  improve  DS  FTT  execution. 
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Results  and  Analysis 

This  test  program  successfully  accomplished  the  first  known  scientific  investigation  into 
Dynamic  Soaring  using  a  full  size  aircraft.  There  were  four  primary  test  objectives.  1)  Compare 
the  energy  states  at  the  initial  and  final  conditions  of  hairpin  and  anti-hairpin  maneuvers  with 
shear  and  without  wind  shear.  2)  Determine  if  energy  could  be  extracted  from  horizontal  wind 
shear.  3)  Evaluate  the  L-23  sailplane  MATLAB®  model  for  Dynamic  Soaring  as  developed  at 
the  Air  Force  Institute  of  Technology  (AFIT).  4)  Qualitatively  evaluate  the  utility  of  Dynamic 
Soaring  as  a  practical  maneuver  for  large  sailplanes.  All  objectives  were  met. 

Test  point  selection  and  data  analysis  were  accomplished  through  the  use  of  design  of 
experiments  (DOE).  The  test  points  were  selected  to  vary  the  controllable  factors  of  crew  (pilot 
+  engineer),  initial  entry  airspeed,  and  hairpin  or  anti-hairpin  maneuver.  One  variable  not 
controlled  by  the  test  team  was  the  wind  shear.  At  the  end  of  the  project  135  data  points  were 
collected.  Two  different  methods  were  used  to  analyze  the  data.  First,  the  data  were  blocked  by 
pilot  and  averaged  for  each  flight  condition.  Second,  a  general  linear  model  analysis  was 
performed  using  DOE.  In  both  cases,  the  critical  factors  identified  in  the  calculated  energy 
height  were  maneuver  type  (hairpin  versus  anti-hairpin),  wind  shear  magnitude,  and  entry 
airspeed.  For  more  information  on  the  DOE  employed  in  the  course  of  this  investigation  see 
Appendix  C:  Design  of  Experiments  Analysis. 

Energy  state  comparison 

The  team  compared  the  energy  gained  or  lost  during  the  hairpin  and  anti-hairpin  maneuvers  both 
in  a  wind  shear  and  with  no  wind  shear.  No  wind  shear  provided  the  baseline  energy  loss 
condition.  This  objective  required  the  tracking  of  sailplane  energy  height  during  hairpin  and 
anti-hairpin  maneuver  execution.  Tracking  energy  height  was  accomplished  using  two  different 
data  sources:  Pitot-static  and  geometric  inertial  data  from  the  IMU.  The  Pitot-static  method 
used  the  Athena  DAS  system  to  record  in-flight  information  provided  by  the  five-hole  Pitot- 
static  probe  and  the  temperature  probe.  These  data  were  used  in  the  following  approximation  to 
the  energy  height  equation  derived  from  energy  theory: 


Es 


Pitot  - static 


In  this  equation  it  was  assumed  F,  (indicated  airspeed)  =  Vc  (calibrated  airspeed)  and  Vc  was 
converted  to  Ve  (equivalent  airspeed),  which  was  converted  to  V,  (true  airspeed). 

Geometric  energy  height  was  determined  by  using  the  Athena  DAS  to  record  inertial  based 
velocities  and  altitude  for  every  maneuver.  The  IMU  parameters  recorded  were: 

•  Velocity  in  the  inertial  z-axis  (North)  acceleration  -  Vz 

•  Velocity  in  the  inertial  x-axis  (East)  acceleration  -  Vx 

•  Velocity  in  the  inertial  y-axis  (down)  acceleration  -  Vy 

•  Geometric  altitude  above  the  ground  -  hg 
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The  following  formula  was  used  to  calculate  geometric  energy  height: 


V  I - - - 

Es geometric  =  H g  +  where  Vg  ( gTOUnd  _  Velocity)  =  y/V/  +  Vy2  +  Vj 

^ s 


Table  1  through  Table  3  summarize  the  results  of  the  averaging  analysis  method  and  illustrate 
the  differences  detected  in  the  final  energy  state  of  the  sailplane  for  each  test  point.  These  data 
were  compiled  from  MATLAB®  plots  generated  for  each  flight.  Reference  Appendix  B: 
MATLAB®  Data  Reduction  Methodology  for  example  plots. 


According  to  Dynamic  Soaring  theory  executing  a  hairpin  maneuver  in  a  wind  shear  should 
result  in  a  final  energy  state  higher  than  executing  the  hairpin  or  anti-hairpin  maneuver  in  no 
wind  shear.  Likewise,  executing  these  maneuvers  in  no  wind  shear  should  result  in  a  higher  final 
energy  than  executing  the  anti-hairpin  maneuver  in  a  wind  shear.  The  average  final  energy  (from 
Pitot-static  and  geometric  sources)  for  each  set  of  maneuvers  was  calculated  for  each  pilot  and  is 
shown  in  Table  2.  Maneuvers  were  considered  to  have  been  conducted  in  a  shear  when  the 
change  in  wind  speed  was  greater  than  1.5  feet/second/ 100  feet  (0.015  /second)  [-0.9  knot/100 
feet].  Any  wind  shear  measured  below  1  feet/second/ 100  feet  (0.01  /second)  [-0.5  knot/100 
feet]  was  considered  a  no  shear  condition.  The  maximum  wind  shear  noted  throughout  the  test 
program  was  a  shear  of  0.04  /second  [-2.5  knots/100  feet].  The  data  points  collected  during  the 
test  window  are  detailed  in  Appendix  F:  Flight  Test  Results.  Data  points  that  were  discarded 
from  the  averaging  analysis  method  are  described  in  Appendix  G:  Data  Anomalies. 
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In  general,  the  flight  test  results  matched  expectations.  Under  most  conditions  the  energy  loss 
when  executing  a  hairpin  maneuver  was  less  than  executing  the  DS  FTT  maneuver  in  a  no  shear 
condition,  on  the  order  of  5-15  percent).  When  executing  an  anti -hairpin  maneuver  in  a  wind 
shear  energy  losses  were  generally  10-20  percent  more  than  the  energy  losses  flying  the  hairpin 
maneuver  in  a  wind  shear.  The  Pitot-static  and  geometric  derived  energy  height  losses  trended  in 
the  same  direction.  The  data  derived  from  the  Pitot-static  system  showed  some  anomalies  for  the 
maneuvers  with  85  and  95  KIAS  entry  airspeeds,  and  the  geometric  energy  losses  showed  an 
anomaly  at  the  95  KIAS  entry  airspeed.  The  Pitot-static  energy  lost  during  all  three  maneuvers, 
hairpin,  anti-hairpin,  and  in  no  shear  conditions,  flown  by  pilot  3  at  85  KIAS  was  approximately 
equal.  Additionally,  the  Pitot-static  energy  lost  during  the  anti-hairpin  maneuver  flown  by  pilot  1 
at  95  KIAS  was  20  percent  less  than  the  energy  lost  during  the  hairpin  maneuver.  The  Pitot- 
static  energy  lost  during  the  no  shear  maneuvers  flown  by  pilot  1  was  about  30  percent  less  than 
the  energy  lost  when  flying  either  maneuver  in  a  shear.  The  geometric  energy  lost  for  the 
maneuvers  flown  by  pilot  3  at  95  KIAS  also  showed  an  increase  in  energy  loss  when  flying  the 
hairpin  maneuver  in  a  shear  compared  to  flying  the  DS  FTT  in  no  shear. 

The  95  KIAS  data  points  flown  by  pilot  1  only  included  one  anti-hairpin  maneuver  and  two 
hairpin  maneuvers.  The  minimal  amount  of  data  points  available  does  not  provide  enough  data 
for  the  averaging  analysis  method  to  make  a  comparison  between  the  three  different  maneuvers. 

It  is  not  clear  at  this  time  why  the  85  KIAS  maneuvers  flown  by  pilot  3  did  not  match  with 
Dynamic  Soaring  theory  with  regard  to  the  Pitot-static  energy  calculation.  The  maneuvers  were 
executed  within  parameters  and  the  weather  data  were  collected  near  the  time  the  maneuvers 
were  accomplished,  and  therefore  the  data  points  were  not  discarded.  When  the  results  of  all  the 
pilots  were  averaged  the  hairpin  maneuver  lost  less  Pitot-static  energy  than  the  anti-hairpin 
maneuver.  The  geometric  energy  losses  for  pilot  3  matched  with  the  expectations  of  Dynamic 
Soaring  theory.  It  should  be  noted  that  the  geometric  energy  includes  the  motion  of  the  air  mass 
while  the  Pitot-static  derived  energy  is  calculated  relative  to  the  motion  of  the  air  mass.  This 
may  somehow  account  for  why  the  geometric  energy  losses  match  Dynamic  Soaring  theory 
while  the  Pitot-static  losses  do  not  match  the  theory  for  pilot  3. 

As  seen  in  the  figures  in  Appendix  I:  Plots  of  Energy  Height  Lost  Using  the  Averaging  Method, 
on  average  the  hairpin  maneuver  resulted  in  less  energy  loss  (both  Pitot-static  and  geometric) 
than  the  anti-hairpin  maneuver  for  all  three  entry  airspeeds.  The  no  shear  energy  loss  was 
typically  greater  than  the  hairpin  maneuver  and  less  than  the  anti-hairpin  maneuver  on  average. 

Representative  plots  of  how  the  energy  height  varied  throughout  the  maneuvers  are  shown  in 
Appendix  H:  Energy  Height  Plot  Description. 

The  Existence  of  Dynamic  Soaring  for  full  size  sailplanes 

The  results  shown  in  Table  1  through  Table  3  revealed  the  following:  typically  performing  the 
hairpin  maneuver  in  wind  shear  resulted  in  less  energy  lost  than  when  performing  the  anti¬ 
hairpin  maneuver  in  wind  shear  or  the  DS  FTT  in  no  shear.  The  differences  in  the  final  total 
energy  states  were  directly  related  to  the  presence  of  horizontal  wind  shear.  This  provided  proof 
of  concept  that  Dynamic  Soaring  did  exist  for  a  full  size  sailplane. 
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Using  design  of  experiments,  a  general  linear  model  analysis  yielded  a  model  for  the  Pitot-static 
specific  energy  loss  that  was  highly  dependent  on  three  variables  and  the  mean  value  of  the 
energy  loss.  Two  forms  of  the  energy  height  model  were  discovered  depending  upon  the  pilot 
flying  the  maneuver: 

Es  =  -160.2ft  +  8.6— (P2  3 )+  557.3— (WS)- 3.8— (AS  -  95)-  0.09-^(^S  -  95)2 
pilot  ’  ft  knot  knot 

or 

-ft  oo/-»  -ft  -ft  ^ 

E,  =  -1 60.2ft  -16.1 - (P, )  +  557.3 - (WS)  -  3.8 - (AS  -  95)  -  0.09 - -  (AS  -  95)2 

p~s  pilot  ft  knot  knot 

ft/sec 

In  the  model  Px  represents  pilots  2  and  3,  or  pilot  1,  WS  represents  the  wind  shear  in  — - 

ft 

(negative  in  the  case  of  anti-hairpin  maneuvers),  and  AS  represents  the  maneuver  entry  airspeed. 

The  energy  height  model’s  standard  deviation  of  the  mean  (standard  error)  is  19.7  feet.  This 
standard  deviation  was  significant  because  it  demonstrated  that  95  percent  of  the  collected  data 
was  within  ±40  energy  height  feet  of  the  energy  height  model’s  mean.  The  test  had  99.9  percent 
power  to  detect  any  differences  greater  than  10  energy  height  feet.  So,  it  can  be  stated  that  there 
is  a  linear  dependence  of  energy  loss  on  the  wind  shear  or  stated  more  simply;  the  sailplane 
extracted  energy  from  the  wind  shear.  The  DOE  analysis  showed  greater  than  99.9  percent 
confidence  that  energy  loss  was  related  to  wind  shear.  For  further  DOE  explanation  see 
Appendix  C:  Design  of  Experiments  Analysis. 

Comparison  with  the  AFIT  model 

A  MATLAB®  model  of  the  L-23  sailplane  was  developed  using  drag  polar  data  obtained  from 
the  SENIOR  IDS  test  management  project  and  the  stability  derivatives  and  moments  of  inertia 
information  obtained  from  the  HAVE  BLADDER  test  management  project.  This  information 
was  developed  into  a  full  six  degree  of  freedom  flight  simulation  at  the  NASA  DFRC  simulator 
facility  in  order  for  the  test  team  to  refine  the  DS  FTT  and  to  develop  energy  state  predictions 
based  on  anticipated  wind  shear  conditions  in  the  test  area.  A  linear  wind  shear  model  was  used 
based  off  of  historical  wind  shear  data  at  Edwards  AFB  dating  back  to  April  1997.  Wind  shear 
strength  was  varied  between  0.01/sec  to  0.03/sec  based  off  of  this  data.  Overall,  the  MATLAB® 
L-23  flight  simulator  was  satisfactory  as  a  Dynamic  Soaring  research  tool. 
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Data  Basis:  Dynamic  Soaring  Flight  Test 

Test  Vehicles:  N268BA  (a/c)  &  NASA  DFRC  Glider  Simulator 

Configuration:  Sailplane  Main  Gear  Down 


Hairpin  No  Shear  Anti-Hairpin  Hairpin  No  Shear  Anti-Hairpin 

NASA  DFRC  Glider  Simulator  Flight  T est  Data 


Figure  6:  85  Knot  Entry  Speed  Glider  Simulator  and  Flight  Test  Comparison  (Pilot  1) 

A  total  of  24  flight  simulator  runs  by  pilot  1  were  documented  and  used  as  a  comparison  to 
actual  flight  data.  For  the  85  KIAS  maneuvers,  the  NASA  glider  simulator  predicted  less  energy 
loss,  on  the  order  of  20-27  energy  height  feet,  than  was  actually  experienced.  But,  the  overall 
trend  of  the  simulator  data  matched  reality  very  closely  as  shown  in  Figure  6. 
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Data  Basis:  Dynamic  Soaring  Flight  Test 

Test  Vehicles:  N268BA  (a/c)  &  NASA  DFRC  Glider  Simulator 

Configuration:  Sailplane  Main  Gear  Down 


Hairpin  No  Shear  Anti-Hairpin  Hairpin  No  Shear  Anti-Hairpin 

NASA  DFRC  Glider  Simulator  Flight  Test  Data 


Figure  7:  95  Knot  Entry  Speed  Glider  Simulator  and  Flight  Test  Comparison  (Pilot  1) 

Figure  7  shows  that  the  hairpin  maneuver  simulator  data  for  pilot  1  did  not  match  the  flight  test 
data  at  95  KIAS.  The  no  shear  and  anti -hairpin  simulator  data  match  the  trends  of  the  flight  test 
data  for  these  maneuvers  although  the  simulator  predicted  less  energy  loss  than  the  flight  test 
data  showed  as  previously  discussed.  The  flight  test  data  for  pilot  1  at  this  condition  contains 
anomalies  speculated  to  be  due  to  small  sample  size,  and  did  not  agree  with  Dynamic  Soaring 
theory. 
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Data  Basis:  Dynamic  Soaring  Flight  Test 

Test  Vehicles:  N268BA  (a/c)  &  NASA  DFRC  Glider  Simulator 

Configuration:  Sailplane  Main  Gear  Down 

Data  Source:  Athena  DAS  and  DynaSoar  3.0  Software 

Test  Dates:  10  April  - 18  May  2006 


Hairpin  No  Shear  Anti-Hairpin  Hairpin  No  Shear  Anti-Hairpin 


NASA  DFRC  Glider  Simulator 


Flight  Test  Data 


Figure  8:  105  Knot  Entry  Speed  Glider  Simulator  and  Flight  Test  Comparison  (Pilot  1) 


For  the  105  KIAS  entry  condition,  a  similar  energy  height  loss  was  noted  between  the  simulator 
and  actual  flight  for  the  hairpin  and  anti-hairpin  maneuvers.  In  the  no  wind  shear  condition,  the 
simulator  data  showed  less  energy  loss  than  predicted  by  Dynamic  Soaring  theory.  This  caused 
the  difference  between  flight  test  data  and  simulator  data  with  no  shear  to  be  larger  than  the 
difference  in  energy  lost  shown  at  the  other  conditions. 

Overall,  the  test  team  found  the  use  of  the  NASA  DFRC  simulator  and  MATLAB®  model  to  be 
invaluable  in  studying  Dynamic  Soaring.  The  model  assumed  a  more  optimistic  drag  polar  than 
what  the  sailplane  actually  produced,  and  this  fact  accounted  for  the  consistent  smaller  energy 
height  losses  of  the  simulator  compared  to  flight  test.  The  drag  polars  produced  by  a  previous 
TPS  TMP’s  flight  test  data  were  collected  for  trimmed  flight  conditions  with  negligible  aileron 
and  rudder  deflections.  However,  during  the  DS  FTT  maneuver  the  ailerons  and  rudder  were 
continuously  deflected  leading  to  more  drag  than  in  the  trimmed  flight  condition.  Additionally, 
the  wind  shear  used  in  the  simulator  was  linear  with  respect  to  altitude  and  was  known  exactly. 
However,  the  wind  shear  in  the  real  world  was  not  always  linear,  and  was  not  known  with  the 
same  accuracy.  These  two  factors  accounted  for  most  of  the  differences  between  the  flight  test 
data  and  the  simulator  data. 
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Employment  by  glider  pilots 

The  Dynamic  Soaring  maneuver  was  evaluated  from  both  a  handling  qualities  and  practical 
employment  standpoint.  Overall  from  a  handling  qualities  perspective,  the  maneuver  was 
relatively  easy  to  fly  compared  to  the  standard  glider  maneuvers  (i.e.  steep  turns,  slow  flight,  etc) 
that  a  typical  soaring  pilot  would  execute.  On  average,  a  2.0  g  pull  was  used  to  initiate  the  DS 
FTT  maneuvers  at  the  95  and  105  KIAS  points  and  1.5-1. 8  g  on  the  85  KIAS  points.  The  stick 
and  rudder  forces  and  deflections  during  the  maneuver  were  not  objectionable.  At  no  time 
during  the  test  flights  was  safe  aircraft  control  in  question. 

Normal  altitude  gained  during  the  maneuver  ranged  from  300-400  feet  during  the  105  KIAS 
points  to  150-200  feet  during  the  85  KIAS  points.  During  the  test  program,  several  data  points 
were  flown  at  200  feet  AGL  and  105  KIAS.  Although  workload  slightly  increased  at  the  lower 
altitudes  due  to  ground  rush,  performance  standards  did  not  suffer  and  desired  performance  was 
still  attained.  Likewise,  control  forces  and  deflections  as  well  as  aircraft  controllability  was 
never  in  question  at  these  lower  altitudes. 

The  difficulty  of  the  maneuver  to  fly  was  assigned  a  Cooper-Harper  rating  based  off  of  the 
following  criteria: 

Desired:  Maintain  pitch  and  bank  to  within  ±5  degrees  of  entry,  peak,  and  exit 
parameters  as  discussed  earlier  in  the  test  procedures  section.  Airspeed  must  have 
been  maintained  within  ±5  knots  of  entry  and  peak  airspeed  parameters.  At  the 
conclusion  of  the  maneuver,  the  pilot  must  have  rolled  out  within  ±10  degrees  of 
the  initial  heading. 

Adequate:  Maintain  pitch  and  bank  to  within  ±10  degrees  of  entry,  peak,  and 
exit  parameters  as  discussed  earlier  in  the  test  procedures  section.  Airspeed  must 
have  been  maintained  within  -5  to  +10  knots  of  entry  and  peak  airspeed 
parameters.  At  the  conclusion  of  the  maneuver,  the  pilot  must  have  rolled  out 
within  ±20  degreees  of  the  initial  heading. 

Figure  9  illustrates  the  Cooper-Harper  Ratings  for  each  test  pilot  on  the  test  team.  The  project 
pilots  had  diverse  flying  backgrounds,  but  the  Cooper-Harper  Ratings  were  similar  among  all  the 
pilots.  Pilot  1  was  a  C-130E  pilot,  pilot  2  was  an  F-15C  pilot  with  a  commercial  sailplane 
license,  and  pilot  3  was  an  AV-8B  pilot.  Pilots  1  and  3  had  no  previous  glider  experience.  On 
average,  a  Level  II  Cooper  Harper  rating  was  assigned.  (See  Appendix  J:  Cooper-Harper  Rating 
Scale.)  Desired  performance  was  achieved  by  each  team  member.  However,  moderate  pilot 
compensation  was  required  to  attain  desired  performance  because  of  the  required  precision  of  the 
maneuver.  Overall,  the  DS  FTT  was  executed  with  tolerable  pilot  workload  primarily  due  to  the 
advanced  avionics  and  maneuver  quality  assistance  provided  by  the  flight  test  engineers  (FTE) 
and  the  flight  test  navigator  (FTN)  from  the  rear  cockpit.  During  the  maneuver  the  FTE/N  would 
call  the  altitude  change  from  start  altitude  so  the  pilot  could  remove  it  from  his  cross  check.  In 
addition,  the  FTE/N  was  the  primary  safety  monitor  for  terminating  the  maneuver  due  to  a  low 
energy  state  or  descending  through  minimum  altitudes  during  DS  FTT  maneuvers. 
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Figure  9:  Cooper-Harper  Ratings 

Overall,  the  ability  to  extract  energy  from  horizontal  wind  shear  did  exist.  However,  the  data 
also  indicated  that  the  energy  gained  was  relatively  small.  During  the  test  window,  relatively 
light  wind  shear  profiles  were  generated  by  the  light  temperature  inversion  and  boundary  layer 
effects  experienced  in  the  flight  test  area.  The  strongest  wind  shear  encountered  during  the  test 
window  equated  to  an  increase  of  2.5  knots  per  100  feet.  Hence,  little  energy  was  available  to 
extract  from  the  wind  shear.  Although  more  difficult  to  map  precisely,  stronger  wind  shears  can 
be  generated  when  the  wind  is  partially  blocked  by  an  obstacle.  This  situation  exists  on  the 
leeward  side  of  mountain  ridges  and  might  provide  the  best  opportunity  to  experience  Dynamic 
Soaring.  Conduct  Dynamic  Soaring  tests  in  the  stronger  wind  shears  generated  by 
orthographic  features.  (Rl)1 

In  addition,  the  L-23  drag  penalties  incurred  due  to  aircraft  design  possibly  outweighed  much  of 
the  energy  benefit  gained  during  the  hairpin  maneuvers.  The  test  aircraft  L-23  suffered  from 
high  parasite  drag  due  to  the  fixed  landing  gear,  metal  rivet  construction,  and  imperfections  in 
the  fit  of  major  components  (canopy,  flight  control  surfaces,  etc).  Typical  competition  sailplanes 
feature  modem  glass  composite  construction  and  sleek  low  drag  designs.  Gaps  between 
canopies  and  flight  control  surfaces  are  typically  sealed  with  tape  in  order  to  present  a  seamless 
surface  to  the  wind.  As  a  result,  competition  sailplanes  can  have  lift  to  drag  ratios  in  excess  of 
60: 1  vice  the  24: 1  glide  ratio  of  the  test  aircraft.  As  a  result,  low  drag  sailplanes  are  better  suited 
for  extracting  energy  via  Dynamic  Soaring  techniques.  A  high  performance  glider,  with  lower 
drag,  and  increased  maneuverability,  would  possibly  see  an  enhanced  positive  net  effect  from  the 
Dynamic  Soaring  maneuvers  in  wind  shear.  Conduct  Dynamic  Soaring  tests  in  high 
performance  sailplanes.  (R2) 


1  Numerals  preceded  by  an  R  within  parentheses  at  the  end  of  a  sentence  correspond  to  the  recommendation 
numbers  tabulated  in  the  Conclusions  and  Recommendations  section  of  this  report. 
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The  avionics,  instrumentation  included  in  the  glider,  and  weather  support  for  the  test  flights  were 
invaluable  in  order  to  fly  accurate  maneuvers.  The  attitude  display  allowed  for  accurate  and 
repeatable  maneuvers  in  pitch  and  roll.  In  addition,  the  airspeed  and  altitude  readouts  were  clear 
and  sensible.  Likewise,  the  GPS  moving  map  display  coupled  with  the  hands  on  stick  (HOS) 
activated  ground  track  symbology  maximized  the  precision  to  which  the  DS  FTT  maneuvers 
could  be  flown.  These  avionics  were  unique  to  this  aircraft  and  would  not  be  present  in  a  typical 
production  sailplane.  Furthermore,  atmospheric  data  were  collected  using  dedicated  weather 
balloons  and  mobile  SODAR.  A  typical  sailplane  pilot  would  not  have  access  to  these  resources 
to  accurately  map  the  atmosphere  around  the  sailplane.  Strong  shears  can  be  felt  on  tow  in  the 
form  of  turbulence,  and  temperature  inversions  can  be  indicated  by  low  haze  or  drifting  columns 
of  smoke  or  dust.  However,  these  indications  are  ultimately  only  an  approximation  made  by  the 
pilot  in  the  cockpit  real  time.  Hence,  maneuver  precision  and  energy  extraction  from  wind  shear 
would  suffer  in  a  production  sailplane  with  a  typical  soaring  pilot. 

The  Dynamic  Soaring  maneuver  was  not  difficult  to  fly  given  the  special  instrumentation  and 
crew  coordination  employed  during  SENIOR  ShWOOPIN  flight  testing.  However,  Level  II 
ratings  were  assigned  due  to  the  precision  required  in  order  to  standardize  data  collection. 
Dynamic  Soaring  theory  indicates  that  it  is  possible  to  extract  energy  from  horizontal  wind  shear 
using  maneuvers  other  than  the  DS  FTT  used  for  this  project.  These  maneuvers  may  require  less 
precision  in  order  to  be  performed  and  may  be  able  to  be  executed  with  a  standard  sailplane’s 
instrumentation.  Investigate  alternate  Dynamic  Soaring  maneuvers  that  require  less 
precision  and  instrumentation.  (R3) 

Finally,  the  data  indicated  that  the  Dynamic  Soaring  maneuver  was  more  beneficial  at  the  high 
speed  points  from  95-105  KIAS.  In  order  to  obtain  these  entry  speeds  in  the  L-23  from  a  start 
airspeed  of  60  KIAS,  700-800  feet  of  altitude  were  lost  during  the  dive.  This  is  not  a  realistic 
profile  for  a  pilot  who  is  trying  to  maximize  glider  energy  state  because  it  involved  sacrificing 
tremendous  altitude.  Since  precise  wind  shear  data  would  not  be  known,  this  dive  might 
ultimately  result  in  a  loss  of  energy  that  may  not  be  recovered.  Hence,  from  an  energy  height 
standpoint,  hairpin  maneuvers  in  uncertain  atmospheric  conditions  would  be  risky  for  a  soaring 
pilot  to  perform. 

In  summary,  the  Dynamic  Soaring  maneuver  was  a  relatively  mild  maneuver  that  was  easy  to 
fly,  but  the  precision  required  for  flight  test  data  collection  increased  the  workload  significantly. 
Valid  data  were  collected  throughout  testing  that  proved  the  theory  of  Dynamic  Soaring. 
However,  in  a  production  sailplane  that  lacks  specialized  instrumentation  and  detailed 
atmospheric  data,  the  risk  to  a  sailplane’s  energy  state  by  performing  Dynamic  Soaring 
maneuvers  may  be  outweighed  by  the  energy  benefits  gained  by  basic  Static  Soaring  techniques, 
such  as  thermal,  ridge  lift,  etc. 
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Conclusions  and  Recommendations 

SENIOR  ShWOOPIN  represented  the  first  documented  study  into  the  applicability  of  Dynamic 
Soaring  for  full  size  sailplanes.  All  test  points  in  the  program  were  flown  and  all  objectives  were 
met.  Overall,  this  project  proved  that  full  size  sailplanes  could  extract  energy  from  horizontal 
wind  shears.  Recommendations  for  future  studies  are  provided  below  in  order  of  priority. 

Although  this  project  successfully  proved  the  theory  of  Dynamic  Soaring  for  full  size  sailplanes, 
the  amount  of  energy  benefit  was  relatively  small.  The  strongest  wind  shear  encountered  during 
this  test  program  equated  to  a  2.5  knot  increase  per  100  feet  of  altitude  gain.  Hence,  little  energy 
was  available  to  extract  from  the  wind  shear.  It  is  very  likely  that  stronger  wind  shears  than 
those  encountered  during  this  test  program  could  be  generated  by  flying  on  the  leeward  side  of 
mountain  ridges  when  the  winds  are  perpendicular  to  the  ridge  line.  Although  these  wind  shear 
profiles  would  be  harder  to  map  due  to  the  complexity  of  the  flow  fields,  this  scenario  represents 
the  best  opportunity  to  experience  suitable  Dynamic  Soaring  conditions. 

Conduct  Dynamic  Soaring  tests  in  the  stronger  wind  shears  generated  by 

orthographic  features  (Rl,  page  17). 

Furthermore,  the  low  aerodynamic  performance  of  the  L-23  sailplane  mitigated  much  of  the 
energy  gain  realized  by  flying  the  hairpin  maneuvers  in  the  light  wind  shears  present  during  the 
test  window.  Data  analysis  and  a  comparison  of  the  flight  test  and  simulator  data  indicated  that 
more  energy  could  be  extracted  from  the  atmosphere  with  stronger  wind  shears  and  low  drag 
profile  sailplanes.  Data  analysis  further  indicated  that  faster  entry  speeds  were  ideal  for 
Dynamic  Soaring  since  this  allowed  the  sailplane  to  penetrate  higher  through  the  wind  shear.  At 
these  higher  speeds,  however,  parasite  drag  dominates  the  performance  of  the  L-23  sailplane. 

Conduct  Dynamic  Soaring  tests  in  high  performance  sailplanes.  (R2,  page  17) 

Because  of  the  ground  breaking  nature  of  this  flight  research  and  the  limitations  of  the 
environment  and  sailplane  described  above,  accurate  knowledge  of  atmospheric  wind  shear 
conditions  and  precise  control  of  the  Dynamic  Soaring  maneuvers  were  critical.  Such  precision 
was  required  in  order  to  best  position  the  sailplane  to  take  advantage  of  the  wind  shear  and  to 
ensure  the  repeatability  of  the  maneuvers.  This  required  advanced  custom  built  avionics  and 
dedicated  weather  monitoring  support.  The  required  precision  generated  additional  workload  for 
the  aircrew  since  they  had  to  constantly  monitor  the  position  and  strength  of  the  wind  shears  and 
use  the  electronic  displays  to  track  the  sailplane’s  attitude  and  flight  condition  within  tight 
tolerances  through  the  Dynamic  Soaring  flight  test  technique.  Since  this  project  proved  the  basic 
existence  of  Dynamic  Soaring  for  full  size  sailplanes,  future  research  should  expand  the  practical 
knowledge  base  of  this  technique  by  discovering  maneuvers  that  require  less  instrumentation  and 
precision  to  successfully  extract  energy  from  horizontal  wind  shears.  Maneuvers  of  this  type 
would  be  much  easier  for  a  typical  soaring  pilot  to  perform  in  a  sailplane  equipped  with  standard 
avionics. 

Investigate  alternate  Dynamic  Soaring  maneuvers  that  require  less  precision  and 

instrumentation.  (R3,  page  18) 
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Finally,  the  MATLAB®  flight  simulator  model  was  an  excellent  research  tool  to  study  the  effects 
of  Dynamic  Soaring  in  various  wind  shears.  The  model,  however,  featured  a  non-maneuvering 
drag  polar.  Although  the  energy  height  results  of  the  simulator  flights  closely  matched  the  basic 
trends  of  flight  data,  the  simulator’s  energy  losses  were  consistently  less  than  flight  test  energy 
losses.  Essentially,  the  flight  simulator  predicted  better  Dynamic  Soaring  performance  than  what 
was  attained  by  the  L-23. 

In  conclusion,  this  project  proved  the  existence  of  the  Dynamic  Soaring  phenomenon  for  full  size 
sailplanes.  This  was  demonstrated  by  the  linear  dependence  of  the  energy  loss  of  the  sailplane 
upon  the  strength  of  the  wind  shear.  Future  Dynamic  Soaring  research  should  focus  on  high 
performance  sailplanes  in  stronger  wind  shears,  which  may  produce  significant  energy  savings 
that  could  be  used  to  sustain  flight. 
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Appendix  A:  Instrumentation  and  Displays 

Sensors 

The  instrumentation  system  installed  on  the  L-23  consisted  of  an  Inertial  Measurement  Unit 
(IMU),  an  air  data  probe  and  transducers,  control  surface  position  transducers,  analog-to-digital 
converter,  a  temperature  probe  and  two  tablet  PC  displays.  The  IMU  and  analog-to-digital 
converter  were  mounted  on  an  adjustable  plate  and  aligned  with  the  centerline  of  the  aircraft. 

The  centerline  was  defined  by  the  rib  running  along  the  top  surface  of  the  aft  fuselage.  The  plate 
was  then  tilted  to  align  it  with  the  aircraft  fuselage  reference  line.  The  fuselage  reference  line 
was  defined  by  two  marks  on  the  side  of  the  glider  at  the  forward  and  aft  ends.  The  plate  was 
tilted  left  and  right  to  align  with  the  leading  edge  of  the  wing.  Finally,  a  laser  sight  was  used  to 
align  the  air  data  probe  with  the  fuselage  reference  line  and  center  it  along  the  aircraft  centerline. 
All  angular  measurements  were  therefore  referenced  to  a  body  axis  coordinate  system  whose  x- 
axis  was  aligned  with  the  fuselage  reference  line  and  a  y-axis  aligned  with  the  wing  leading  edge 
at  the  root. 

Guidestar  GS-1 11m 

An  Athena  Controls  Guidestar  111m  (GS-1 1  lm)  inertial  measurement  unit  (IMU)  served  as  the 
central  component  in  the  instrumentation  system.  The  GS-1 1  lm  used  accelerometers,  angular 
rate  sensors,  GPS,  and  a  magnetometer  to  compute  a  full  inertial  attitude  solution.  Pitot-static 
pressures  from  a  nose-mounted  5-hole  probe  were  measured  by  the  GS-1 1  lm  to  determine 
airspeed,  altitude,  angle-of-attack  (AOA),  and  angle-of-sideslip  (AOS).  Pressure  transducers  on 
the  TPS  GS-1 1  lm  had  a  dynamic  range  of  ±26,221 .9  Pascals  for  AOA  and  AOS,  and  1 6,596 
Pascals  for  dynamic  pressure.  Total  air  temperature  was  measured  by  a  resistive  temperature 
detector  (RTD)  mounted  under  the  right  wing.  The  RTD  voltage  was  sampled  by  a  14  bit 
analog-to-digital  input  on  the  GS-1 11m.  Data  were  sampled  and  written  to  a  32  Megabyte 
onboard  memory  chip  for  post- flight  download.  The  GS-1 11m  updated  its  navigation  solution  at 
50  Hertz.  The  data  sampling  rate  was  software  selectable  with  currently  available  rates  of  either 
25  Hertz  or  50  Hertz.  The  50  Hertz  sampling  rate  was  used  for  this  program.  The  GS-1 1  lm  was 
modified  to  accept  a  digital  signal  from  an  analog-to-digital  converter  that  was  wired  to  the 
position  transducers.  This  hardware  modification  consisted  of  a  circuit  board  housed  in  a  generic 
black  box  that  could  be  mounted  anywhere  in  the  proximity  of  the  GS-1 1  lm  and  connected  to 
the  GS-1 11m  using  an  RS-232  serial  cable.  The  interface  control  document  can  be  obtained 
from  Athena  Controls.  A  full  description  of  the  GS-1 1  lm  can  be  obtained  by  contacting  Athena 
Controls. 

Air  Data  Probe 

An  air  data  probe  purchased  from  Computer  Instruments  Corporation  was  used  to  measure  static 
pressure,  total  pressure,  AOA,  and  AOS.  The  initial  design  called  for  a  constant  0.75  inch  outer 
diameter  probe.  This  was  modified  by  increasing  the  diameter  of  the  aft  end  up  to  1 .25  inches  to 
provide  sufficient  wall  thickness  for  attachment  to  the  boom.  The  AOA  and  AOS  measurements 
were  made  using  a  pressure  differential,  total  pressure,  and  a  scale  factor.  The  probe  had  a  scale 
factor  of  4.526366  1/radian.  During  a  previous  project  the  air  data  probe  was  calibrated  using  a 
trailing  cone  (reference  1). 
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Resistive  Temperature  Detector 

The  RTD  purchased  from  Computer  Instruments  Corporation  was  used  to  measure  total 
temperature.  The  platinum  RTD  had  a  nominal  resistance  of  500  Ohm  and  a  scale  factor  of 
0.00385  Ohms/Ohm/degrees  C.  The  RTD  was  powered  by  an  Action  Instruments  Ultra  Slimpak 
G4 18-0001.  A  full  description  of  this  device  may  be  obtained  by  contacting  Computer 
Instruments  Corporation.  The  output  voltage  of  the  RTD  was  sampled  by  a  14  bit  analog-to- 
digital  converter  on  the 

GS-1 1  lm.  During  a  previous  project  an  ice  bath  calibration  of  the  RTD  connected  to  the  GS- 
111m  resulted  in  the  following  relationship  between  RTD  resistance  and  measured  voltage: 

R_RTD  =  474.0085  Ohm  +  61.6398  Ohm/volt  *  Voltage 

A  platinum  RTD  had  a  sensitivity  curve  with  a  slope  of  0.00385  Ohms/Ohm/degrees  C  over  the 
temp  range  [-10  +50]  degrees  C.  This  gave  a  relationship  between  RTD  resistance  and 
temperature: 

T(°C)  =  -257.3989  C  +  0.5148  C/Ohm  *  R_RTD 

Combining  these  equations  gives  a  relationship  between  voltage  measured  by  the  IMU  and  total 
air  temperature: 

T(°C)  =(0.5148  *  (474.0085  +  (Voltage  *  61.6398)))  -  257.3989 

Surface  Position  Transducers 

String  potentiometers  (5K  Ohm)  made  by  Space  Age  Technologies  were  mounted  to  measure 
control  surface  deflections  of  the  elevator,  rudder,  left  and  right  aileron  and  elevator  trim  tab 
cable.  The  potentiometers  were  mounted  in  front  of  the  surfaces  and  connected  to  the  surface 
with  a  steel  cable.  Wiring  to  the  potentiometers  was  run  internally  from  the  DAS  pallet  to  the 
mounting  point  for  the  potentiometer.  During  a  previous  project  calibration  curves  were  created 
using  a  digital  inclinometer  to  measure  the  angle  of  the  control  surface  and  plot  it  versus  the 
voltage  output  for  the  elevator,  ailerons  and  trim  tab.  Calibration  of  the  rudder  was 
accomplished  by  finding  the  center  of  rotation  on  the  top  of  the  rudder.  A  protractor  was  then 
placed  above  this  point  and  deflection  angles  were  read  using  the  seam  of  the  rudder  that 
described  the  left-right  plane  of  symmetry.  All  control  surface  calibration  curves  were  linear. 

GS-1 11m  Interface 

Interface  to  the  GS-1 1  lm  was  made  via  five  serial  ports  accessible  through  51  pin  connectors. 
Each  serial  port  was  configured  for  RS-232  communication  at  1 15.2  Kilobits/second.  The  slow 
data  rate  was  chosen  primarily  to  ensure  reliable  communication  with  the  Motion  Computing 
tablet  PC  used  for  cockpit  data  display.  Operationally,  only  ports  1-3  were  used. 

Laptop  PC  Interface 

Serial  port  1  was  used  to  interface  with  a  laptop  PC  for  IMU  initialization.  After  applying  power 
to  the  IMU,  an  Athena  Graphical  User  Interface  (GUI)  was  used  to  set  internal  IMU  parameters 
and  switch  the  IMU  into  the  Air  Mode.  After  initialization,  the  laptop  was  disconnected  prior  to 
flight. 
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Tablet  PC 

Serial  port  2  was  used  to  communicate  with  a  Motion  Computing  tablet  PC.  The  tablet  PC 
displayed  flight  parameters  in  the  cockpit  (see  Figure  A-l)  and  had  the  capability  to  start  and 
stop  data  logging  via  a  HOS  controls.  The  tablet  PC  in  the  front  cockpit  was  connected  to  the 
GS-1 11m  using  a  serial  to  USB  connector  cable.  Data  from  the  tablet  PC  in  the  front  cockpit 
were  passed  to  the  tablet  PC  in  the  rear  cockpit  via  an  ethemet  cable. 

Point-to-Point  Protocol  Terminal 

Serial  port  3  was  configured  for  a  point-to-point  protocol  (PPP)  connection  to  a  PC.  The  port 
speed  was  set  by  Athena  Controls  to  be  1 15.2  Kilobits/second.  The  port  was  used  to  download 
test  data  to  a  laptop  using  WS-FTP  6.0  software.  The  data  were  transferred  simply  to  empty  the 
memory  of  the  GS-1 1  lm  for  the  next  flight. 

Data  Acquisition 

The  list  of  parameters  written  to  memory  on  the  GS-1 1  lm  was  software  programmable,  but 
required  support  from  Athena  to  perform.  Reconfiguring  the  GS-1 11m  could  be  accomplished 
with  a  simple  spreadsheet  based  program  which  produced  a  configuration  file  that  must  be 
downloaded  to  the  unit.  A  50  Hertz  recording  rate  was  used.  Data  logged  by  the  Guidestar  was 
saved  in  time  and  date  tagged  files  using  the  convention:  INSmmmddhhmmssyyyy.  The  TPS 
customized  data  stream  occupied  frame  4  as  listed  in  the  serial  interface  spec  addendum  and  took 
128  bytes.  At  50  Hertz,  data  frame  4  consumed  3.125  Kilobytes/second.  In  addition  to  frame  4, 
the  following  frames  were  stored  to  onboard  memory:  Frame  2  at  1  Hertz  =173  bytes/second. 
Frame  3  at  10  Hertz  =  740  bytes/second,  Frame  8  at  50  Hertz  =  1650  bytes/second. 

In  addition  to  the  data  recorded  on  the  GS-1 1  lm  the  tablet  PC  recorded  data  in  .bin  and  .csv  file 
formats.  File  recording  was  controlled  using  the  HOS  control  on  the  stick  in  the  front  cockpit. 
The  first  time  this  button  was  pushed  started  recording  data  while  simultaneously  zeroing  the 
maneuver  downrange  and  crossrange  distance  and  altitude.  The  next  time  the  button  was  pushed 
the  file  was  stopped  and  logged  to  the  tablet  PC  using  the  following  naming  conventions: 
TPSmmddyyyy  hh_mm_ss.bin  and  TPScalcmmddyyyy  hh_mm_ss.csv.  Because  the  tablet  PC 
offered  a  simpler  interface  it  was  used  as  the  primary  data  acquisition  system,  and  the  GS-1 11m 
was  only  used  as  a  backup  data  source  in  case  the  tablet  PC  failed  to  record  (this  never 
happened). 
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Tablet  PC  Display 


Figure  A-l:  Tablet  PC  Display 


1 

Attitude  ball  with  embedded  heading  scale  and 
heading  bug  (bug  was  set  at  start  of  maneuver 
when  the  HOS  controller  was  pressed) 

14 

Crossrange  distance  from  start  of  maneuver  (ft) 

2 

Pressure  altitude  (ft) 

15 

Downrange  distance  from  start  of  maneuver  (ft) 

3 

Normal  load  factor 

16 

Wind  data  zoom  control 

4 

Airspeed  (KIAS) 

17 

Wind  data  (altitude,  direction,  speed) 

5 

Energy  rate  gauge  (ft/sec)  (Negative  rate 
displays  a  red  bar,  Positive  rate  displays  a  green 
bar) 

18 

Energy  height  bingo  (ft  MSL) 

6 

Energy  height  (ft  MSL) 

19 

Pressure  altitude  (ft) 

7 

Energy  height  (ft  AGL):  Prior  to  takeoff  this 
button  was  pressed  to  zero  the  energy  height. 
(Below  bingo  energy  the  block  turns  red) 

20 

Energy  height  (ft  MSL) 

(Energy  height  shown  is  not  representative  of  an 
actual  flight  because  the  picture  shown  was  not 
captured  in  flight.) 

8 

Energy  difference  from  start  of  maneuver  (ft) 

21 

Current  heading  reference  line  (red) 

9 

Energy  height  bingo  (ft  AGL)1 

22 

Own  ship  icon 

10 

Lakebed  status  toggle  (red/green)- 

23 

Ground  track  history  (blue) 

11 

EGI/GPS  status  display 

24 

Moving  map  display  with  zoom  control 

12 

DAS  status  display  (Green  indicates  data  is 
recording) 

25 

Start  of  maneuver  heading  reference  line  (green) 

13 

Altitude  from  start  of  maneuver  (ft) 

Red  lakebed  energy  height  bingo  reference  point3 
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'  The  term  “bingo”  indicates  that  a  return  to  base  condition  has  been  met.  In  this  case,  the  minimum  energy  height 
needed  to  prepare  for  landing  would  have  been  reached. 

2  The  term  “red”  lakebeds  refers  to  lakebed  conditions  that  are  not  conducive  to  operating  the  glider  from  the 
lakebeds.  While  “green”  lakebeds  indicate  that  the  glider  can  be  operated  safely  from  the  lakebed. 

3  Energy  height  bingo  reference  point  (red  TACAN  symbol)  for  red  lakebed  operations  was  also  displayed  on  the 
moving  map,  but  it  is  not  in  the  field  of  view  shown.  This  point  could  be  set  manually  under  the  “Options”  - 
“Energy”  tab  by  entering  a  latitude  and  longitude  in  degrees.  During  red  lakebed  operations  the  energy  height 
bingo  was  dynamically  calculated  by  assuming  a  16: 1  L/D  ratio  to  fly  from  the  glider’s  current  location  to  the 
bingo  reference  point.  This  allowed  the  glider  to  reach  the  reference  point  with  an  energy  height  equal  to  400  ft 
and  60  KIAS. 
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Appendix  B:  MATLAB  Data  Reduction  Methodology 

The  Athena  data  acquisition  system  recorded  the  sailplane  inertial  velocities  (North/East/Down), 
inertial  positions  (North  Position/  East  Position/Down  Position),  Euler  rates  (P/Q/R),  and  Euler 
angles  {dl$l\p)  through  a  blended  GPS/INS  navigation  solution.  A  standard  coordinate 
transformation  matrix  was  then  used  to  convert  inertial  velocities  to  body  fixed  velocities 
(U/V/W)  assuming  a  flat  non-rotating  Earth  reference  frame.  This  assumption  was  valid  due  to 
the  slow  speed  of  the  sailplane,  and  the  short  time  frame  and  size  of  the  maneuver  with  respect  to 
the  earth’s  surface.  Indicated  airspeed  was  recorded  from  the  test  Pitot-static  boom  via  a 
calibrated  transducer.  Pitot-static  and  geometric  energy  heights  were  recorded  on  the  Tablet  PC 
via  algorithms  pre-programmed  into  the  DynaSoar  3.0  software  avionics  package.  All  data  was 
automatically  logged  individually  per  maneuver  by  date  and  time  on  the  Tablet  PC  in  the  form  of 
a  Microsoft  Excel  spreadsheet  and  a  .bin  file.  The  .bin  file  was  used  to  replay  the  sortie  on  the 
DynaSoar  3.0  display  for  post  flight  analysis.  The  excel  spreadsheet  was  imported  into 
MATLAB®  and  filtered  through  a  first  order  low-pass  Butterworth  filter  in  order  to  eliminate 
high-frequency  noise  while  still  preserving  the  fidelity  of  the  raw  data.  The  resulting  data  file 
was  then  plotted  and  archived  for  analysis.  An  example  plot  set  of  a  typical  Dynamic  Soaring 
maneuver  is  provided  below  for  reference. 
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Figure  B-2:  Sample  Plot  of  Indicated  Airspeed,  Ground  Speed,  and  Altitude 
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Figure  B-5:  Sample  Plot  of  Euler  Angle  Rates 
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Figure  B-6:  Sample  Plot  of  Euler  Angles 
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Figure  B-7:  Sample  Plot  of  Inertial  Position  Relative  to  Maneuver  Point 
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Appendix  C:  Design  of  Experiments  Analysis 

Design  of  experiments  statistical  analysis  was  used  to  determine  interactions  between  all  the 
controllable  and  uncontrollable  factors.  The  controllable  factors  were  pilots,  entry  airspeed,  and 
maneuver  type.  The  predominant  uncontrollable  factor  was  wind  shear.  The  following  table 
shows  the  factors  considered  and  their  possible  values. 


Table  C-l:  DOE  Factors  Considered 


Pilots 

-1  (Pilot  1),  0  (Pilot  2),  1  (Pilot  3) 

Entry  Airspeed 

-1  (85  KIAS),  0  (95  KIAS),  1  (105  KIAS) 

Maneuver  Type 

-1  (Anti-hairpin),  1  (Hairpin) 

Wind  Shear 

Variable  (-0.009/sec  to  0.040/sec) 

The  following  factors  and  interactions  were  considered  for  the  model:  wind  shear,  wind  shear 
squared,  entry  speed,  entry  speed  squared,  wind  shear  x  entry  speed,  wind  shear  x  entry  speed 
squared,  wind  shear  squared  x  entry  speed,  and  wind  shear  squared  x  entry  speed  squared. 

After  analyzing  the  effects  and  interactions  of  these  factors  four  primary  effects  were  declared 
active  by  the  DOE  analysis.  The  magnitude  of  these  effects  is  shown  in  Table  C-2.  The  pilot 
factor  was  treated  as  a  block  effect,  which  means  the  only  effect  of  the  pilot  was  to  move  the 
model  up  or  down,  but  not  affect  the  slope.  Pilots  could  not  interact  with  other  factors.  Entry 
airspeed  was  designed  as  a  factor,  but  analyzed  as  a  continuous  variable  (or  covariate),  as  some 
variation  occurred  in  targeting  the  airspeeds.  For  the  purposes  of  the  DOE  analysis  an  anti¬ 
hairpin  maneuver  was  considered  the  same  as  a  hairpin  maneuver  in  a  negative  wind  shear  (i.e. 
wind  speed  decreasing  with  altitude).  As  maneuver  type  was  used  to  apply  a  sign  to  the  wind 
sheer,  it  does  not  appear  in  the  ANOVA  table  as  an  active  effect. 


Table  C-2:  Pitot-static  Energy  Model  Statistics 
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-160.2 

-166.9 

-153.4 

0.0000 
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336.5 
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0.0000 

-3.8 
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263.8 

0.0000 
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-0.18 

-0.003 

4.2 

0.0433 

8.6 

3.7 

13.6 

13.8 

0.0000 

-16.1 

-22.2 

-9.94 

13.8 

0.0000 

The  p-value  indicates  the  alpha  error  (confidence  equals  1  -  a-error),  which  is  the  probability  of 
a  false  positive.  That  is,  saying  that  something  happened,  when  in  actuality  it  occurred  by 
chance.  So,  in  plain  speak,  there  is  a  1  in  20  chance  that  these  Dynamic  Soaring  maneuvers  will 
show  the  entry  speed  squared  impacts  the  difference  in  energy  height  lost  when  it  actually  does 
not  have  an  impact.  Likewise,  the  F-ratio  is  an  indication  of  confidence.  As  F-ratio  increases  it 
becomes  less  likely  that  differences  in  the  outcome  of  the  test  are  due  to  chance.  If  the  factors 
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have  no  effect  then  the  F-ratio  will  be  near  a  value  of  one.  The  confidence  interval  indicates  that 
95  percent  of  the  time  the  coefficients  in  the  model  should  fall  within  the  interval  given. 

Regarding  the  term  power  that  was  mentioned  in  the  body  of  the  report,  using  an  a- error  cut-off 
of  21  percent  (i.e.  the  highest  confidence  term  not  included  in  the  model  had  21  percent  alpha 
error  associated  with  it)  the  following  chart  could  be  produced.  Power,  which  is  defined  as  1  -  /?- 
error,  indicates  how  likely  one  is  to  miss  a  change  in  the  response  variable.  Power  quantifies 
how  likely  it  is  there  is  a  term  in  the  model  that  creates  a  difference  of  some  size.  The  curve  in 
Figure  C-l  shows  the  /2-error  of  this  test.  As  shown  below  the  test  was  capable  of  detecting  a  10 
energy  height  feet  change  99.9  percent  of  the  time. 


Figure  C-l:  Plot  of  the  Chances  of  Missing  a  Difference  in  Energy  Height 
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Appendix  D:  Lessons  Learned 

Facilities/Lakebed  Operations 

Operating  from  the  lakebed  and  the  North  Base  hangar  was  critical  to  efficient  operations. 
Equally  critical  was  the  use  of  a  fifth  wheel  camper  that  was  stationed  on  the  lakebed  during 
operations.  The  camper  provided  protection  from  the  winds  and  temperature,  but  more 
importantly  it  provided  a  power  source  to  charge  tablet  PCs  and  radios,  and  operate  laptop  PCs 
and  weather  data  gathering  equipment.  Without  the  camper,  operations  would  have  been 
seriously  hampered  resulting  in  reduced  test  efficiency.  Operating  from  the  lakebed  with 
published  glider  operations  NOTAMS  and  FCIFs  allowed  the  team  to  operate  nearly  carefree 
regarding  other  aircraft,  and  provided  a  safety  buffer  since  the  lakebed  offered  a  landable  surface 
in  any  direction.  Additionally,  since  the  glider  could  be  landed  near  the  camper,  crew  swaps  and 
instrumentation  trouble  shooting  could  be  accomplished  quickly.  The  North  Base  hangar 
provided  a  place  to  store  the  tow  plane,  glider,  and  camper.  The  proximity  of  the  hangar  to  the 
lakebed  also  allowed  the  team  to  be  fully  deployed  to  the  lakebed  and  ready  to  fly  within  about 
15  minutes  of  arrival  at  the  hangar.  Finally,  at  least  three  radios  should  be  used  during  glider 
operations.  One  radio  needs  to  be  located  at  the  operating  center,  one  in  the  glider,  and  the  last 
one  in  the  tow  plane.  Additionally,  it  was  helpful  to  have  a  separate  VHF  mission  frequency 
monitored  by  tower.  The  team  was  required  to  contact  tower  prior  to  moving  onto  the  lakebed, 
and  prior  to  each  takeoff  and  after  each  landing. 

Airfield  Management  Coordination 

All  the  benefits  of  the  lakebed  operations  can  only  be  recognized  with  proper  coordination  with 
airfield  management.  The  biggest  lesson  learned  during  SENIOR  ShWOOPIN  operations  was 
that  airfield  management  needs  to  be  involved  in  the  planning  process  from  the  test  concept 
meeting  onward.  Depending  upon  the  results  of  the  test  concept  meeting  it  may  also  be 
beneficial  to  have  airfield  management  present  at  the  SRB.  The  test  team  recommends  that 
future  glider  teams  should  address  the  following  items  in  particular: 

1 .  Every  test  team  member  should  have  a  flight  line  driver’s  license. 

2.  Every  test  team  member  should  get  a  vehicle  pass  for  their  POV  to  be  driven  on  the 
lakebed. 

3.  Emphasize  that  you  will  need  to  operate  from  the  lakebed  for  efficiency  (suggest  using  a 
camper  as  your  base  of  operations).  Work  out  training  details  so  that  the  test  team  can 
clear  the  lakebeds  as  safe  for  glider  operations  independent  of  Base  Ops  personnel.  If 
this  is  not  possible,  at  least  make  sure  that  airfield  management  is  prepared  to  go  the  extra 
mile  to  declare  lakebeds  green  for  glider  operations  on  the  test  team’s  time  table. 

4.  Clearly  identify  where  you  intend  to  operate  POVs  around  North  Base  and  the  lakebeds 
(including  entry/exit  points). 

Weather  Support 

NASA  DFRC  weather  support  was  critical  to  this  project.  During  SENIOR  ShWOOPIN 
operations  the  test  team  discovered  that  many  of  the  weather  data  gathering  systems  were  largely 
unreliable.  The  only  reliable  information  came  from  the  weather  balloons.  One  of  the  more 
significant  problems  encountered  with  all  the  weather  data  systems  was  a  lack  of  standardization 
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of  the  units  of  measure.  To  the  greatest  extent  possible,  future  teams  relying  heavily  on  weather 
data  should  try  to  get  weather  data  presented  in  a  format  that  is  recognized  by  pilots  (i.e. 
magnetic  heading  in  degrees,  airspeed  in  knots,  and  pressure  altitude  in  feet). 

Instrumentation/Displays 

Overall  the  instrumentation  and  display  systems  used  in  this  project  were  satisfactory  for  the 
task.  However,  a  few  improvements  would  make  the  systems  easier  to  use.  First,  the  primary 
problem  encountered  with  the  tablet  PCs  was  their  tendency  to  overheat.  Consider  installing  a 
small  fan  behind  the  PC  to  provide  cooling.  Related  to  this  problem  was  the  shutdown  sequence 
for  the  tablet  PC.  If  the  tablet  PC  in  the  front  cockpit  needed  to  be  replaced  due  to  overheating, 
then  the  entire  instrumentation  system  had  to  be  shutdown.  A  shutdown/restart  sequence 
required  10-15  min  primarily  because  of  the  time  required  for  the  INS/GPS  to  realign. 
Additionally,  one  of  the  power  switches  (P2)  was  located  behind  the  seat  in  the  rear  cockpit, 
which  meant  that  the  power  sequence  required  the  FTE  to  unstrap.  Explore  the  possibility  of  a 
tablet  PC  to  GS-1 1  lm  interface  that  does  not  require  a  shutdown/restart  sequence  in  order  to 
swap  the  front  cockpit  tablet  PC.  Likewise,  move  the  P2  power  switch  to  the  instrumentation 
power  panel  in  the  front  cockpit. 

Prior  to  flying  there  was  some  concern  over  the  ability  of  the  tablet  PC’s  hard  drive  to  survive 
the  required  g  loading  during  the  Dynamic  Soaring  maneuver.  However,  the  tablet  PC’s  hard 
drive  performed  very  well,  and  the  only  noted  problem  was  the  tendency  to  overheat  that  was 
previously  mentioned.  Additionally,  the  anti-glare  screen  on  the  tablet  PC  was  a  notable 
improvement  over  the  standard  screen  on  clear  days.  The  tablet  PC  was  used  as  the  sole  source 
to  record  data  instead  of  the  GS-1 1  lm  because  it  was  much  easier  to  transfer  files  from  the  PC 
using  the  Windows  environment  instead  of  using  the  point-to-point  protocol  terminal  on  the 
laptop  to  interface  with  the  GS-1 11m.  The  GS-1 1  lm  recorded  data  files  as  a  backup,  but  the 
tablet  PC  proved  to  be  very  reliable. 

The  total  energy  gauge  (an  altimeter  plumbed  to  the  total  energy  variometer  probe)  worked  well 
as  an  independent  source  of  energy  height  information.  The  displayed  total  energy  height  on  the 
gauge  matched  the  Pitot-static  energy  height  on  the  tablet  PC  within  1 0-20  feet  throughout  the 
flights.  This  provided  the  quickest  feedback  in-flight  regarding  the  energy  state  of  the  glider  and 
how  much  energy  had  been  lost  during  a  maneuver.  The  total  energy  gauge  became  the  primary 
source  for  hand  held  data  taken  during  the  sortie  along  with  the  maneuver  start  time  to  match 
hand  held  data  with  the  recorded  data  files. 

Simulator 

Generally,  the  simulator  was  an  effective  tool  for  practicing  the  DS  FTT,  assessing  the  original 
aerodynamic  model  used  in  theory  formulation,  and  refining  crew  coordination  procedures. 
There  were  some  inconsistencies  between  the  handling  qualities  of  the  simulator  and  the  actual 
glider.  Specifically,  the  stick  forces  (all  axes)  observed  in  the  simulator  were  greater  than  those 
experienced  in  the  glider.  Therefore,  adjustments  to  the  simulator  stick  force  bellows  were 
accomplished  in  order  to  better  duplicate  actual  control  stick  forces.  In  addition,  lateral- 
directional  control  was  difficult  to  maintain  due  to  excessive  adverse  yaw  affects  from  aileron 
deflections.  This  was  remedied  by  increasing  the  Cn/s  and  reducing  the  Cisa  stability  derivatives 
in  the  simulator.  However,  rudder  could  not  be  used  in  the  simulator  without  exciting  a  large 
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amplitude  Dutch  Roll  mode  that  was  uncharacteristic  of  the  glider.  For  this  reason  maneuvers 
were  executed  using  only  the  center  stick.  Future  glider  projects  should  focus  on  improving  the 
lateral  directional  stability  derivatives  used  in  the  simulation  model.  Nonetheless,  even  with 
these  limitations,  the  simulator  flew  well  enough  to  practice  DS  FTTs.  This  was  beneficial  for 
refining  maneuver  quality  and  delegating  crew  responsibilities. 
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Appendix  E:  Total  Energy  Probe  Theory 

(Adapted  from  notes  by  Mr.  Joe  Wurts,  Lockheed-Martin  Engineer  and  Dynamic  Soaring 
expert.) 

The  total  energy  for  an  aircraft  is  defined  as  the  sum  of  the  kinetic  energy,  and  the  potential 
energy  due  to  altitude  and  gravity. 

E  =  y^mV2+mgh  Eq.  1 

Where  m  is  the  mass,  V  is  velocity,  g  is  acceleration  due  to  gravity,  and  h  is  the  current  altitude. 

Dividing  by  mg  allows  us  to  define  specific  energy  height  (units  in  feet): 

V 2 

E.  =- — \-h  Eq.  2 

2g 

The  first  term  in  this  equation  is  the  kinetic  energy  expressed  in  units  of  altitude,  and  is  the 
amount  of  energy  gained  when  something  drops  from  the  specific  total  energy  altitude  to  the 
current  altitude.  The  second  term  is  simply  the  current  altitude. 

The  change  in  static  atmospheric  pressure  between  the  total  energy  height  and  the  current  height 
can  be  defined  as 

A p  =  -pgAh  Eq.  3 

assuming  that  the  change  in  air  density  between  these  two  altitudes  is  small  compared  to  the  total 
density  (i.e.,  incompressible  theory,  which  holds  up  quite  well  for  sailplanes).  Here  pis  air 
density  and  Ah  is  the  difference  in  altitude  between  the  total  energy  height  and  the  current 
altitude. 


Then  from  the  second  equation  above,  and  assuming  a  constant  total  energy,  it  can  be  shown 
that: 


V2 

Ah  = — 
2  g 


Eq.  4 


Substituting  Ah  from  Eq.  4  into  Eq.  3  provides  the  definition  of  the  change  in  static  pressure 
between  the  total  energy  height  and  the  current  height  as: 

Ap  =  -j/^pV2  Eq.  5 

From  Bernoulli’s  equation  we  know  the  dynamic  pressure  due  to  the  flight  velocity  is: 

Eq.  6 


1=1/2PV2 


The  q  term  is  the  difference  between  the  total  pressure  and  the  static  pressure  measured  by  a 
Pitot-static  tube,  assuming  the  cp  on  the  total  pressure  is  +1.  By  comparing  Eq.  5  and  Eq.  6,  the 
conclusion  can  be  drawn  that  the  change  in  static  pressure  between  the  total  energy  height  and 
the  current  height  is  the  negative  of  the  dynamic  pressure.  To  obtain  the  total  energy  height  in 
terms  of  pressure,  all  one  needs  to  do  is  find  a  measurement  of  negative  dynamic  pressure,  i.e. 
find  a  source  for  a  cp  of  -1,  and  measure  the  pressure  from  this  source. 
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The  sailplane  community  long  ago  worked  this  out,  and  found  that  a  suitable  source  of  negative 
dynamic  pressure  can  be  obtained  on  the  back  portion  of  a  cylinder  oriented  perpendicular  to  the 
airflow.  An  altimeter  that  is  connected  to  the  same  line  as  a  typical  total  energy  variometer  that 
is  mounted  in  a  sailplane  will  show  the  total  energy  height  as  its  displayed  altitude.  Neglecting 
drag,  the  altitude  shown  on  the  altimeter  would  be  the  altitude  that  one  could  achieve  if  one 
converted  the  flight  speed  back  into  altitude. 
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Appendix  F:  Flight  Test  Results 

The  table  below  shows  the  data  points  collected  during  the  course  of  the  test  window.  The  data 
shaded  in  gray  was  not  used  in  the  data  analysis  because  the  wind  data  was  questionable. 
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Appendix  G:  Data  Anomalies 

Several  data  points  from  two  different  days  were  discarded  from  both  analysis  methods  because 
the  wind  data  from  these  two  days  were  either  suspect  or  not  collected  in  a  timely  manner.  For 
instance,  most  of  the  data  points  flown  by  pilot  1  at  95  KIAS  occurred  on  1 0  April  2006,  which 
happened  to  coincide  with  minimal  weather  data  collection.  Specifically,  only  one  weather 
balloon  was  launched,  and  furthermore,  the  weather  data  was  collected  about  2  hours  after  the 
data  flights  were  completed.  Not  only  did  this  prevent  the  team  from  targeting  shear  layers 
during  the  flights,  but  it  called  into  question  the  accuracy  of  the  wind  data  attributed  to  these  test 
points.  This  emphasizes  the  need  for  timely  weather  data  collected  at  short  time  intervals. 

Additional  data  points  were  removed  from  the  data  analysis  for  flights  on  1 7  April  2006.  These 
data  points  were  removed  because  the  wind  data  gathered  during  the  test  points  were 
questionable.  The  data  were  not  gathered  using  the  NASA  weather  balloons  due  to  a  system 
malfunction.  Instead  data  collected  from  an  Edwards  AFB  balloon  launched  prior  to  the  flights 
was  used  as  the  weather  reference.  However,  the  wind  speeds  shown  by  the  balloon  did  not 
match  the  winds  experienced  by  the  test  team  or  the  wind  calls  from  the  control  tower.  The 
disparity  was  likely  due  to  a  weather  system  that  was  moving  through  the  local  area  during  the 
testing,  which  caused  localized  wind  shears.  All  three  of  the  test  points  that  occurred  during  a 
single  sortie  on  this  day  showed  up  as  significant  outliers.  Of  particular  note  is  that,  a  hairpin 
maneuver  flown  during  this  sortie  resulted  in  a  loss  of  only  1 5  feet  of  energy  height.  During  this 
maneuver  the  aircrew  clearly  experienced  the  existence  of  a  strong  shear  layer  (much  stronger 
than  any  shear  layers  felt  throughout  the  rest  of  the  program).  (The  aircrew  generally  noted 
shear  layer  entry  throughout  the  test  program  by  the  existence  of  turbulence,  which  could  be  felt 
in  the  seat  of  the  pants.)  However,  the  wind  data  from  the  USAF  balloon  did  not  show  this  shear 
layer. 

This  sortie  provided  a  good  indication  that  not  only  does  the  phenomenon  of  Dynamic  Soaring 
exist,  but  the  effect  of  the  phenomenon  increases  with  increasing  wind  shear  strength. 
Additionally,  the  data  from  17  April  indicate  the  need  for  precise  and  accurate  wind  data 
collection  capabilities. 

These  data  from  1 0  and  17  April  2006  are  shaded  in  gray  in  the  tables  in  Appendix  F:  Flight 
Test  Results. 
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Appendix  H:  Energy  Height  Plot  Description 

The  following  figures  were  used  to  illustrate  common  trends  noted  in  the  energy  height  losses 
during  data  analysis. 
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Figure  H-l :  Hairpin  Maneuver  Pitot-static  and  Geometric  Energy  Loss  in  a  Horizontal  Wind  Shear 

Figure  H-l  illustrates  the  sailplane  energy  state  experienced  during  a  typical  hairpin  maneuver  in 
wind  shear.  Generally,  the  Pitot-static  energy  height  was  characterized  by  a  shallow  decrease  or 
increase  in  energy  height  until  the  aircraft  reached  the  apex  of  the  maneuver.  The  Pitot-static 
energy  height  then  decreased  sharply  as  the  aircraft  accelerated  in  the  descent  with  the  tailwind 
back  to  the  entry  altitude  and  heading.  The  geometric  energy  height  was  typically  characterized 
by  a  sharp  decrease  in  energy  height  while  the  sailplane  was  turning  to  climb  into  the  headwind. 
Geometric  energy  height  then  sharply  increased  while  the  sailplane  climbed  into  the  wind  shear. 
The  geometric  energy  height  decreased  at  roughly  the  same  rate  as  the  Pitot-static  energy  height 
once  established  in  the  descent  back  to  entry  altitude  and  heading. 
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Data  Basis:  Dynamic  Soaring  Flight  Test 

Test  A/C:  L-23  Super  Blanik  N268BA 

Configuration:  Main  Gear  Down 

Entry  Airspeed:  105  KIAS 

Wind  Shear:  0.012/s 

Crew:  Capt  Baase  l  Capt  Eckberg 

Data  Source:  Athena  DAS  and 

DynaSoar  3.0  Software 

Test  Data:  24  April  2006 _ 
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Figure  H-2:  Anti-Hairpin  Maneuver  Pitot-static  and  Geometric  Energy  Loss  in  a  Horizontal  Wind  Shear 


Figure  H-2  illustrates  the  sailplane  energy  state  experienced  during  a  typical  anti  hairpin 
maneuver  in  wind  shear.  Generally,  the  Pitot-static  and  geometric  energy  heights  decreased 
steadily  throughout  the  maneuver. 
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Figure  H-3:  No  Shear  Dynamic  Soaring  Maneuver  Pitot-static  and  Geometric  Energy  Loss 

Figure  H-3  illustrates  the  sailplane  energy  state  experienced  during  a  typical  DS  FTT  maneuver 
in  wind  shear.  Generally,  the  Pitot-static  and  geometric  energy  heights  decreased  steadily 
throughout  the  maneuver,  but  the  final  energy  states  were  greater  than  those  experienced  during 
anti-hairpin  maneuvers  in  wind  shear. 

As  illustrated  in  Table  2  and  Figure  H-l  through  Figure  H-3  performing  the  hairpin  in  wind  shear 
resulted  in  a  net  energy  loss  less  than  that  experienced  when  flying  the  hairpin  in  no  wind  shear. 
Thus,  a  full  size  sailplane  did  extract  energy  from  a  horizontal  wind  shear. 
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Appendix  I:  Plots  of  Energy  Height  Lost  Using  the  Averaging 
Method 

The  following  plots  show  the  energy  height  lost  during  all  three  maneuvers  (hairpin,  anti-hairpin, 
and  DS  FTT  with  no  shear).  The  maneuvers  are  blocked  by  pilot,  and  presented  as  a  grand 
average  at  each  entry  airspeed  condition.  The  energy  lost  plots  are  presented  for  both  Pitot-static 
and  geometric  derived  energy  height. 


Data  Basis:  Dynamic  Soaring  Flight  Test 

Test  Vehicle:  N268BA 

Configuration:  Sailplane  Main  Gear  Down 

Data  Source:  Athena  DAS  and  DynaSoar  3.0  Software 

Test  Dates:  10  April  -  03  May  2006 
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Figure  1-1:  Pitot-static  Energy  Height  Loss  for  85  KIAS  Maneuvers 
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Data  Basis:  Dynamic  Soaring  Flight  Test 

Test  Vehicle:  N268BA 

Configuration:  Sailplane  Main  Gear  Down 

Data  Source:  Athena  DAS  and  DynaSoar  3.0  Software 

Test  Dates:  10  April  -  03  May  2006 
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Figure  1-2:  Geometric  Energy  Height  Loss  for  85  KIAS  Maneuvers 
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Data  Basis:  Dynamic  Soaring  Flight  Test 

Test  Vehicle:  N268BA 

Configuration:  Sailplane  Main  Gear  Down 

Data  Source:  Athena  DAS  and  DynaSoar  3.0  Software 

Test  Dates:  10  April  -  03  May  2006 


Pilot  1 


Pilot  2 


Pilot  3 


Average 


Figure  1-3:  Pitot-static  Energy  Height  Loss  for  95  KIAS  Maneuvers 

Note:  Pilot  2  did  not  fly  anti-hairpin  or  hairpin  maneuvers  in  a  shear  at  95  KIAS. 
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Data  Basis:  Dynamic  Soaring  Flightiest 

Test  Vehicle:  N268BA 

Configuration:  Sailplane  Main  Gear  Down 

Data  Source:  Athena  DAS  and  DynaSoar  3.0  Software 

Test  Dates:  10  April  -  03  May  2006 
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Figure  1-4:  Geometric  Energy  Height  Loss  for  95  KIAS  Maneuvers 
Note:  Pilot  2  did  not  fly  anti-hairpin  or  hairpin  maneuvers  in  a  shear  at  95  KIAS. 
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Data  Basis:  Dynamic  Soaring  Flight  Test 

Test  Vehicle:  N268BA 

Iconfiguration:  Sailplane  Main  Gear  Down 

Data  Source:  Athena  DAS  and  DynaSoar  3.0  Software 

Test  Dates:  10  April  -  03  May  2006 
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Figure  1-5:  Pitot-static  Energy  Height  Loss  for  105  KIAS  Maneuvers 
Note:  Pilot  2  did  not  fly  anti-hairpin  maneuvers  in  a  shear  at  105  KIAS. 
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Figure  1-6:  Geometric  Energy  Height  Loss  for  105  KIAS  Maneuvers 
Note:  Pilot  2  did  not  fly  anti-hairpin  maneuvers  in  a  shear  at  105  KIAS. 
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Appendix  J:  Cooper-Harper  Rating  Scale 


Satisfactory 
a/o  Improvement 


Adequate 
Performance 
Attained  with  tolerable 
"^^Pilot  workloadZ^"'^ 


Controllable? 


/^Excellent 

• 

Pilot  compensation  not  a  factor 

Highly  Desirable 

for  desired  performance 

Good 

Negligible  Deficiencies 

Fair  -  Some  Mildly 
^npleasant  Deficiencies 

Minor  but  Annoying 
Deficiencies 


_ ^  Moderately  Objectionable 

No  Deficiencies 

Very  Objectionable  but 
^Tolerable  Deficiencies 

/Major  Deficiencies 


Major  Deficiencies 

Major  Deficiencies 
V _ 

Major  Deficiencies 


Pilot  compensation  not  a  factor 
for  desired  performance 

Minimal  pilot  compensation  required  ^ 

for  desired  performance  ^ 

Desired  performance  requires  moderate 
pilot  compensation  ^ 

Adequate  performance  requires 
considerable  pilot  compensation 

Adequate  performance  requires  ^ 

extensive  pilot  compensation 

Adequate  performance  not  attainable 
with  max  tolerable  pilot  compensation.  7 

Controllability  not  in  question. 

Considerable  pilot  compensation 
required  for  control 

Intense  pilot  compensation  required  to  ^ 

retain  control  > 


Control  will  be  lost  during  some 
portion  of  required  operation 


Pilot  Decisions 


Cooper-Harper  Ref.  NASA  TND-5153 


SENIOR  ShWOOPIN 
10-Jun-2006 


Edwards  Air  Force  Base 
Air  Force  Flight  Test  Center 


This  page  intentionally  left  blank. 


J-2 


SENIOR  ShWOOPIN 
10-Jun-2006 


Edwards  Air  Force  Base 
Air  Force  Flight  Test  Center 


Appendix  K:  Acronym  List 


Abbreviation 

AFB 

AFIT 

AGL 

AOA 

AOS 

D 

DAS 
DOE 
DFRC 
DS  FTT 
Es 

FCIF 

ft 

FTE/N 

FTN 

g 

GPS 

GUI 

HOS 

IMU 

INS 


Definition 
Air  Force  Base 

Air  Force  Institute  of  Technology 

above  ground  level 

angle  of  attack 

angle  of  sideslip 

drag 

data  acquisition  system 

design  of  experiments 

Dryden  Flight  Research  Center 

Dynamic  Soaring  flight  test  technique 

specific  energy  height 

flight  crew  information  file 

feet 

flight  test  engineer 
flight  test  navigator 
acceleration  due  to  gravity 
global  positioning  system 
graphical  user  interface 
hands  on  stick 
inertial  measurement  unit 
inertial  navigation  system 
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Abbreviation 

Definition 

JON 

job  order  number 

KIAS 

knots  indicated  air  speed 

L 

lift 

MSL 

mean  sea  level 

NASA 

National  Aeronautics  and  Space  Administration 

NOTAM 

notice  to  airmen 

PC 

personal  computer 

POV 

privately  owned  vehicle 

RTD 

resistive  temperature  detector 

ShWOOPIN 

Shear  Wind  Observed  Optimized  Investigation  for  NASA 

SODAR 

Sonic  Detection  and  Ranging 

TACAN 

tactical  air  navigation 

TIM 

technical  information  memorandum 

TMP 

test  management  project 

TPS 

Test  Pilot  School 

USAF 

United  States  Air  Force 

VHF 

very  high  frequency 
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